Introduction
The output from most accelerometry-based activity monitors (e.g. the ActiGraph GT1M, RT3, Actical) is reported in proprietary 'counts'. These counts are not comparable between different models of monitor due to differences in the processing, filtering and scaling of the measured acceleration signal (15) . This has limited the comparability of data obtained from the various models of accelerometry-based activity monitor (7) .
Over the past few years accelerometry-based activity monitors that allow access to the measured triaxial acceleration data have become commercially available, e.g. the ActiGraph GT3X+ and the GENEActiv. Access to the measured acceleration data should facilitate comparisons between outputs regardless of which of these monitors is used (10). However, as stressed by Welk et al. (15) , equivalence of the measured acceleration output cannot be assumed and rigorous equivalency testing is necessary to determine whether, and under which conditions, outputs from these monitors are interchangeable. Various signal processing techniques are increasingly being used in an attempt to identify activity type from accelerometer data (e.g. 3, 8, 9, 11, 15, 17) . Pattern recognition approaches use multiple frequency and/or time domain features from the total acceleration signal and from individual axes of acceleration. Frequencydomain features, such as Fast Fourier Transform (FFT) and Discrete Wavelet Transform (DWT), are very commonly used in activity monitoring (see e.g. 16, 17) and have been shown to reliably discriminate between reasonably cyclic activities such as running and walking (16, 17) .
However, frequency domain features do not distinguish very well between activities having the same typical frequency but different intensity levels, e.g. fast walking and jumping. For these activities, time domain features are more discriminative (6) . For pattern recognition approaches to be applicable to accelerations derived from more than one device, it is necessary to explore
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which of the time and frequency domain features are equivalent between the monitors. At present, only preliminary data from small samples (<10 participants) are available; these data suggest that acceleration magnitudes are lower for the ActiGraph GT3X+ relative to the GENEActiv (6, 10), but that features from the frequency domain compare well (6) . A difference in acceleration magnitudes may impact on estimates of moderate-to-vigorous intensity activity from cut-points, suggesting cut-points may need to be brand specific.
The aims of this study were to establish the comparability of output from two widely used commercially available triaxial accelerometry-based activity monitors, the ActiGraph GT3X+ and the GENEActiv during controlled laboratory-based activities (part 1) and free-living (part 2). We hpothesized that: 1) the magnitude of accelerations at the hip measured by the ActiGraph GT3X+ would be lower than those measured by the GENEActiv for specific activities (part 1); 2) features from the frequency domain of the acceleration signal would not differ between the ActiGraph GT3X+ and the GENEActiv for specific activities (part 1); and 3) the magnitude of accelerations measured by the ActiGraph GT3X+ would be correlated with, but lower than the GENEActiv for free-living, (part 2).
Methods

Part 1: Laboratory-based
Part 1 investigated the comparability of features from the GT3X+ and the GENEActiv worn at the hip in adults in a controlled laboratory setting. The devices were compared using data as 'raw' as possible; that is, performing as little processing as possible on the data extracted from the devices. The data were taken from a larger study investigating the use of accelerometry to classify activity beneficial to bone in premenopausal women (12) .
Thirty-eight women (age: 39.3 ± 5.7 y, mass: 65.8 ± 11.8 kg, height: 1.67 ± 0.06 m) were recruited from the South West of the UK. Participants filled out a Physical Activity Readiness Questionnaire to confirm their ability to participate in the study. The institutional ethics committee granted approval and all participants gave written informed consent.
Data Collection: Each participant performed nine activities (slow walking, slow walking while carrying a weighted bag (2 kg) in the right hand, floor sweeping, brisk walking, slow running, faster running, low vertical jumps, higher jumps and box drops). For walking, sweeping and running activities, participants performed ten shuttles of 12-15 m each in length. The first shuttle of each ambulatory activity was performed at a self-selected cadence and a metronome was used to ensure subsequent shuttles were performed at the same cadence. differential capacitance sensor, dynamic range +/-6g) accelerometer were worn over the right hip on an elastic waist belt. Both devices were tightly held together using tape to ensure they were subjected to the same accelerations. GENEActiv software (version 2.1) and ActiLife5 LITE analysis software were used to initialise the GENEActiv and the ActiGraph GT3X+, respectively, at a sampling frequency of 100 Hz and to upload the data. The two activity monitors were time-synchronized, i.e. initialized using the same computer clock. After completion of all activities, accelerometer data were uploaded on a computer and exported into Matlab (R2012b) for processing, using a custom graphical user interface.
Data processing:
From herein, bolded and non-bolded characters denote vectors and scalars respectively.
The indexes GENE and GT3X+ refer to the GENEActiv and ActiGraph GT3X+ devices respectively. Both GENE and GT3X+ accelerometers output a [n t x 3] array of values, where n t = the value for each time point (t) and 3 = the number of acceleration axes (x, y and z), thus the array corresponds to the time histories of the three components of acceleration (a): a X (t), a Y (t) and a Z (t), t = 1 to n T . From these the total acceleration vector a(t) was computed for each monitor as:
where x, y, z are the unit vectors of the accelerometers' local coordinate systems. The magnitude of acceleration a(t) was then computed:
The time history of the magnitude was then graphed for both accelerometers. From these graphs, the magnitude peak corresponding to the first step of the first walking trial was manually identified for the two accelerometers. This allowed the synchronization of the time-stamped data from the two devices to be confirmed. The datapoints corresponding to the beginning and end of each activity block were then manually identified on the graph for one monitor axis and the corresponding datapoints selected automatically for all axes of both monitors. For each block, one shuttle was randomly selected, except for jumping activities where the entire block was analysed. Finally, within each shuttle, the main peaks of acceleration associated with each step or jump were manually identified. The corresponding peak magnitudes are denoted where i = 1,…,n denotes the i th peak. The first and last peaks defined the start frame t START and end frame t END of each activity. Manual identification of each step/jump enabled automatic peak detection for steps/jumps.
The following features were calculated for each activity for each acceleration component a X (t), a Y (t), a Z (t) as well as for the total acceleration magnitude a(t): c) The ratio between the average peak magnitude and the average of absolute value with offset removed:
3. Frequency domain features from the signal: a) An FFT was performed on the offset-removed acceleration, and the dominant frequency f 0 and its associated power P 0 were calculated. The FFT gives the frequency spectrum of the signal enabling the identification of underlying frequencies, or repeating patterns.
All the above variables were calculated for each acceleration component a X (t), a Y (t), a Z (t) as well as for the total acceleration magnitude a(t). These features were selected as they have been used in previous pattern recognition studies (e.g. 3, 9, 11, 16, 23).
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Data analysis:
Descriptive statistics were calculated for all variables. A series of fully repeated measures ANOVAs (monitor x activity) were run to examine differences in each of the features across brand of monitor and across activities. The Greenhouse-Geisser correction was used where the assumption of sphericity was not met. Post-hoc analyses were carried out using pairwise comparisons with alpha (0.05) adjusted using the Bonferroni correction. To examine the equivalence of the dominant frequency f 0 identified for each activity, the proportion of participants with perfect agreement for the dominant frequency was calculated for each activity.
Analyses were run for each acceleration component and total acceleration magnitude separately.
Part 2: Free-living
Part 2 investigated the equivalence of output from the GT3X+ and the GENE worn at the hip in children in a free-living setting. As the devices were compared in a "real life" setting the data for part 2 were high-pass filtered before analysis as has been carried out previously for freeliving data (e.g. 18). The data were taken from a larger study investigating the relationship between psychological well-being, physical activity and physical activity context in children.
Participants: Fifty-eight boys and girls, aged 10-12 y (age: 10.7 ± 0.8 y, mass: 43.7 ± 10.8 kg, height: 1.49 ± 0.07 m), were recruited from schools in South Australia. The institutional ethics committee granted approval. Written informed consent and assent were obtained from the parents/guardians and children, respectively. Height was measured to the nearest 0.1 cm and body mass to the nearest 0.1 kg.
Data collection: Each participant wore two accelerometers at the hip (GT3X+, GENE)
for seven consecutive days. The two hip monitors were taped securely together and positioned
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above the right hip, on a belt worn round the waist. Children were instructed to wear the hip monitor night and day, and to only remove the hip monitor for water-based activities. The GT3X+ was initialised using Actilife version 6.5.3 and programmed to collect data at 80 Hz. The
GENEs were initialised using GENEActiv PC software version 2.2 and programmed to collect data at 85.7 Hz. These were the maximum sampling frequencies that enabled data collection for >7 days. The small difference in sampling frequency between monitors will not have impacted on the output analysed due to the nature of the signal processing. All monitors were programmed to start collecting data at midnight on the day the child was given the monitors and time synchronised, i.e. initialized using the same computer clock.
Activity monitors: GT3X+ data were uploaded using Actilife version 6.5.3 and the .gt3x
files were converted to .csv files containing measured acceleration data. The date and time stamp for each epoch was calculated from the file start time and sampling frequency. GENE data were uploaded using GENEActiv PC software version 2.2 and the .bin files were converted to .csv files containing the time and date stamp for each epoch and the measured acceleration data for each of the three axes. The total acceleration magnitude a(t) was calculated (see eqs. (1) and (2) above) and the offset (mainly due to gravity) was removed by applying a first-order high-pass filter (0.3 Hz cut-off frequency). The cut-off frequency was selected on the presumption that most acceleration related to human movement would occur at frequencies greater than 0.3 Hz;
van Hees et al. (18) reported that the optimal cut-off frequency is probably between 0.2 and 0.5
Hz.
Data processing: Data from each monitor were run through a custom MATLAB code to elicit the following output for each participant for each monitor (GENE hip, GT3X+ hip):
Average of the high pass filtered total acceleration magnitude per day (g); Examination of the scatterplots between the AVG_HPF a measured by the GENE and the GT3X+ at the hip revealed three clear outliers (values greater than 2 SD away from the mean and/or residuals greater than 2 SD from the mean). Further examination of the data suggested technical issues with these GENE monitors and the three participants were excluded from all analyses reducing the sample size to 55.
The contemporaneous measured acceleration plots for each monitor for each participant for each day were carefully visually examined to determine which monitors could be matched for wear-time for each participant. Of the 55 participants, one participant did not wear any of the monitors during the measurement period, and two had large periods of sporadic non-wear during day-time (awake time), all three were excluded from analysis.
The outputs from the two hip monitors were matched for wear-time (day time only) for seven days in 50 participants, four days in one participant and two days in one participant resulting in a sample size of 50 for day-by-day analyses and 52 for analyses focusing on the
mean of measured days. The two participants with fewer than seven complete days had several days of non-wear or reduced wear (significant periods of non-wear during the waking day).
Data analysis:
Descriptive statistics were calculated for all output variables. A series of fully repeated measures ANOVAs (device × day) were carried out to test for differences in AVG_HPF a and time recorded in each of the acceleration bands between the GENE and the GT3X+ worn at the hip.
Pearson's correlations were used to examine the relationships between the monitors for each of the output variables averaged across the seven days A fully repeated measures ANOVA (device × acceleration band) was used to test for differences in the pattern of accelerations measured by each accelerometer, averaged across all measured days. The Greenhouse-Geisser correction was used where the assumption of sphericity was not met. Post-hoc analyses were carried out using pairwise comparisons with alpha (0.05) adjusted using the Bonferroni correction.
Alpha was set at 0.01 due to the large number of statistical tests undertaken. IBM SPSS version 20.0 (IBM, Armonk, NY) was used for all statistical analyses.
Results
Part 1
Total acceleration magnitude
There was a significant main effect of activity for all features extracted from the time domain of the signal (e.g. Figures 1a-c) , the peaks' amplitudes (Figures 2a-b) and from the frequency domain of the signal (Figures 2c-d) . In general the magnitude of the features extracted
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increased with ambulatory speed and with jump height. Values for box drops were relatively low for features based on the whole acceleration signal rather than peaks, reflecting the intermittent nature of the box drops (Figures 1a-c) . However, peak amplitudes AVG_PEAK a and peak-toaverage ratio was highest for box drops (Figures 2a and b) .
The magnitude of the output from the GENE was generally higher than from the GT3X+ as evidenced by a significant main effect and interaction for all features except, 25 a, power P 0 is the feature that resulted in the best discrimination between activities, with all activities significantly different from all others, with the exception of walking, walking with bags and sweeping (Figure 2d ).
Individual axes
The patterns of results for axes X, Y and Z were similar to the pattern for the total acceleration signal (Figures 1 and 2 ). 
Dominant frequency (f 0 )
The number of participants with perfect agreement on the dominant frequency f 0 was 97-100% for over half of the activities (37/38 for walking, 38/38 for walking with bags, 37/38 for walking fast, 37/38 jogging fast and 37/38 for low jumps); and 87% or greater for the remaining activities (33/38 for sweeping, 34/38 for jogging slowly, 35/38 for high jumps) other than box drops, where agreement dropped to 75% (27/37). Agreement tended to be lower for individual axes, but followed a similar pattern.
Part 2
The AVG_HPF a values from the GENE were consistently higher than the values from the GT3X+ (p<0.001). However, the pattern of output across days was similar with no interaction evident ( Figure 3 ) and the mean daily the number of minutes recorded resulting in a significant device x acceleration band interaction (p<0.001, Table 1 ).
Discussion
A key recommendation from the 2009 Objective Measurement of Physical Activity Meeting co-sponsored by the National Institute of Health and American College of Sports
Medicine was that monitor data should be collected and saved as raw signals, with data transformation carried out post processing to facilitate comparisons between output regardless of which monitor is used (2, 4, 5, 15) . This study compared the measured acceleration output under both laboratory and field conditions as a step towards determining whether and under which conditions the measured output from the GENE and the GT3X+ are interchangeable, as recommended by Welk et al. (14) . Part 1 of this study examined multiple time and frequency domains from contemporaneous output from the GENE and the GT3X+ across a variety of specified activities. Part 2 of this study assessed whether the magnitude and pattern of accelerations from the GENE and the GT3X+ during free-living agreed and/or were related.
Part 1: Laboratory testing
As hypothesized, the amplitudes of accelerations were larger for the GENE than the GT3X+. This was true for both the total magnitude and the amplitude of each individual component. This supports and extends earlier preliminary findings in small samples that reported higher mean peaks of acceleration from the GENE than the GT3X+ during specific activities (10) and during mechanical shaker testing (6) . Furthermore, while the measured data are not filtered by the GENE, the GT3X+ does apply filtering. The details of this filtering process are proprietary (6).
To investigate whether a correction factor could be used to convert between the time domain features from one device to the other, we assessed the linear fit of the average measured acceleration magnitude, the average measured acceleration magnitude with the offset (gravity) removed, and the average peak acceleration magnitude. (6) who reported an increasing difference in the mean acceleration from the GENE and GT3X+ as the magnitude of acceleration increased using a mechanical shaker. The linearity of the relationship was not assessed in that study; however, the mean values John et al. (6) presented for the x-axis of the GENE and GT3X+ during mechanical testing are almost perfectly linearly related (R 2 = 0.999, p < 0.001).
In conclusion, it should be possible to apply time-domain-based classification algorithms developed for one device to the other by simply applying an affine conversion on the measured acceleration values. The difference in acceleration magnitudes seems to be the only significant difference between the devices. In the frequency domain, as hypothesized, the two monitors agreed extremely well on the dominant frequency as well as on the power of that frequency.
Once again this is in accordance with John et al. (6) who reported that prediction accuracy was not significantly compromised (less than 3% difference) when using a classification algorithm based on frequency-domain features on both devices.
The present study did not aim to develop classification algorithms. However, the amplitudes also result in a better distinction between box drops and walks than frequencydomain features. Additionally, it is worth noting that the box drops in this study were performed in a rather periodic manner, which may not happen in real-life situations. In that case, timedomain features may help improve the classification even further for these types of non-cyclic activities where frequency analysis may fail. Thus, optimal classification performance across a range of activities would likely be obtained from a model including features from both the time and frequency domains.
Part 2: Field testing
As anticipated based on the laboratory results, the average daily acceleration from the GENE was higher than the GT3X+. However, the day to day difference was fairly consistent with the GT3X+ measuring 12-13% lower than the GENE and the output was highly correlated.
Applying a correction factor to the data removes the significant difference between the two monitors (data not shown). It should be noted that this correction factor was developed on the same data set as it was applied to and correction factors would likely differ depending on the range and level of accelerations encountered. This difference in acceleration magnitude across monitor brand suggests intensity cut-points would need to be brand-specific, or a conversion factor available for switching between the two brands.
The high concurrent validity, albeit with a mean bias, of the two brands of accelerometer apparent in the free-living study suggests that the activity x monitor interactions evident in the A C C E P T E D laboratory part of the study did not translate into inconsistent monitor differences during freeliving measures in this population. This may be due to the differences between monitors being fairly consistent for walking activities and increasing for running and jumping. Only a relatively small portion of the day is spent in these higher intensity activities during free-living, even in children (1). Thus, the majority of measured time would be in the low intensity range, where values are more comparable, e.g. the average acceleration during walking was ~0.2 g, with peaks of up to 1 g. The difference in time recorded by the two monitor brands at 0-0.5 g was 0.4%
(GENE: 1402.4±13.4 min; GT3X+: 1408.6±11.9 min) and the difference in time recorded at 0.5-1 g was 14% (GENE: 26.4±8.6 min; GT3X+: 22.7±7.1 min).
Limitations
The evaluation of monitor comparability in both a laboratory and field setting is a strength of this study. This enabled the comparison of specific features from the time and frequency domain of the signal across a range of different activities, and an assessment of the impact of these differences on the average daily acceleration and the time recorded in different bands of acceleration. Further, the detailed examination of which features differentiated between which activities and which features differed between monitor brands will inform the development of classification algorithms. However, the lack of common household, occupational or sports tasks in the laboratory protocol is a potential limitation.
A high pass filter was used to try and remove the effects of gravity from the acceleration signal. This method relies on assumptions about the frequency content of the gravitational component of the signal (13) . We acknowledge that this method may not effectively remove the effects of gravity from the signal. Recently, van Hees et al. (13) outperformed all others. As the GT3X+ and GENE were treated identically, the method of processing should not impact on the results of the monitor comparison.
Conclusions
In The strong relationship between mean daily accelerations measured by the two brands suggests the day-to-day pattern of habitual activity and ranking of activity level within a group will be similar irrespective of the brand used. Absolute values will differ; however application of an appropriate conversion factor should make values interchangeable between the two brands. 
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